We report the sequence-based characterization and expression patterns of three manganese peroxidase genes from the white rot fungus and grape vine pathogen Fomitiporia mediterranea (Agaricomycotina, Hymenochaetales), termed Fmmnp1, Fmmnp2, and Fmmnp3. The predicted open reading frames (ORFs) are 1,516-, 1,351-, and 1,345-bp long and are interrupted by seven, four, and four introns, respectively. The deduced amino acid sequences encode manganese peroxidases (EC 1.11.1.13) containing 371, 369, and 371 residues, respectively, and are similar to the manganese peroxidases of the model white rot organism Phanerochaete chrysosporium. The expression of the genes is most likely differentially regulated, as revealed by real-time PCR analysis. Phylogenetic analysis reveals that other members of the order Hymenochaetales harbor mnp genes encoding proteins that are related only distantly to those of F. mediterranea. Furthermore, multiple partial lipand mnp-like sequences obtained for Pycnoporus cinnabarinus (Agaricomycotina, Polyporales) suggest that lignin degradation by white rot taxa relies heavily on ligninolytic peroxidases and is not efficiently achieved by laccases only.
Fungal class II peroxidases have been studied extensively since their discovery and initial characterization in the lignindegrading model organism Phanerochaete chrysosporium (20, 65) . They belong to the larger superfamily of non-animal peroxidases (47), originally described and termed the plant peroxidase superfamily by Welinder (67) . The three-dimensional structure is strongly conserved among all known class II enzymes (2) . Functional aspects of these enzymes have been studied in detail in P. chrysosporium (12, 37, 66) . Fungal class II peroxidases can be divided into four groups based on the preferred substrates oxidized and the presence of key substrate-binding amino acid (aa) residues. Lignin peroxidases (LiPs) (EC 1.11.1.14) catalyze the oxidation of phenolic and nonphenolic aromatic compounds, such as synthetic lignins, by cleaving the C ␣ -C ␤ ether bonds but also act on the fungal metabolite veratryl alcohol (37) . The reaction mechanism involves a long-range electron transfer pathway initiating from an exposed tryptophan residue (12, 48) . Essentially the same pathway is present in versatile peroxidases (VPs) (EC 1.11.1.16), but additionally these enzymes contain three Mnbinding residues (9) . Oxidation of Mn 2ϩ to Mn 3ϩ had been previously described as the major function of manganese peroxidases (MnPs) (EC 1.11.1.13), in which the same Mn-binding residues are present (18) . Chelated Mn 3ϩ ions are thought to extract electrons from phenolic aromatic compounds directly or via lipid peroxidation from nonphenolic aromatics as well (19, 40) . There is significant evidence that the enzymes LiP, VP, and MnP act as ligninolytic enzymes, although some questions regarding the mechanism of lignin degradation still remain open (22) . Functionally less well characterized is a fourth group of class II peroxidases represented by the Coprinopsis cinerea peroxidase (CiP) and the hybrid or novel peroxidase of P. chrysosporium (nop or hip). These enzymes are characterized as low-redox peroxidases and are considered to be nonligninolytic (54) .
Due to the potential biotechnological applications of ligninolytic peroxidases with respect to the improvement of feedstock quality for the production of second-generation biofuels, there has been an increased interest in the study of these secreted proteins. White rot fungi, which have the unique ability to degrade lignin, secrete these enzymes under ligninolytic conditions, which include nitrogen and carbon limitation (34, 60) . Under laboratory conditions, heat shock, hydrogen peroxide concentration, oxygen supplementation, and growth medium characteristics (solid versus liquid, agitated versus stationary) influence the level of enzyme production (8, 17, 33, 53) . MnP production depends on sufficient levels of Mn 2ϩ in the medium (7) .
Much progress has been achieved in recent years regarding the evolution of the fungal peroxidase family, partly due to genome projects but also due to continued research interest in this family in non-model organisms. Phylogenetic analyses revealed that VPs arose independently at least twice, that LiPs are monophyletic and are presently known only from the Polyporales, and that MnPs are the most widespread ligninolytic peroxidases (41, 55) . From an evolutionary perspective, two types of MnP can be distinguished. One type gave rise to LiPs and VPs, sharing a high degree of overall similarity with them, as is evident in protein length (354 to 365 residues; average, 363), exon-intron pattern (5 to 16 introns; median ϭ 11), and the number of disulfide bonds (four cystines). The second type of MnP is longer (376 to 395 aa; average ϭ 383), has fewer introns (6 to 13; median ϭ 6), and is characterized by an additional disulfide bond, presumably to stabilize the longer C terminus (62) . Members of these "classical" or long MnPs form a monophyletic group that branches off early from the phylogenetic tree and contains a putative MnP sequence from Fomitiporia mediterranea, a member of the Hymenochaetales, in addition to sequences from the Polyporales and Corticiales (41) . So far, sequences for MnPs, LiPs, and VPs have been detected only in wood-degrading white rot taxa, with the exception of an MnP from Agaricus bisporus, which is a leaf litterand compost-degrading saprotroph. Class II peroxidases of yet unknown function are present in some brown rot taxa (25, 36) and in a diversity of ectomycorrhizal (ECM) taxa (4, 35) .
In contrast to the Polyporales and Agaricales, other fungal taxonomic groups containing white rot taxa have been less well studied with respect to their ligninolytic peroxidase systems. The Hymenochaetales are a major order of the Agaricomycotina situated in a more basal position than the Polyporales and Agaricales (23) . Members of this clade are almost exclusively wood-decaying white rot fungi and confirmed brown rot fungi are not present, but a few cases of ectomycorrhizal symbionts have been reported (31) . Decay activity is usually described as mostly saprotrophic, but some species, notably Porodaedalea pini and Phellinus igniarius, qualify as timber pathogens (31) . Two Phellinus species demonstrably decolorize textile dyes, a trait commonly attributed to phenoloxidase activity, but the actual enzymes involved have not been identified (1, 45) .
F. mediterranea is a member of the Hymenochaetales that has an Old World distribution, where it occurs mainly on Vitis vinifera (16) and a few other host plants (14, 15, 63) . The association between F. mediterranea and V. vinifera is of particular relevance, since the fungus produces an extensive white rot in the trunks of growing Vitis plants, which is one symptom of the destructive grapevine disease complex esca, affecting vine cultivation on a global scale (51). It is not yet clear if F. mediterranea acts independently from other pathogens or if the observed white rot decay is the result of favorable conditions created by a primary infection with ascomycetes (42) . Surprisingly, expression of MnP and LiP in connection with the esca disease has been attributed to Phaeoacremonium aleophilum (anamorph of Togninia minima) (11, 43) , and an MnP-like peroxidase was reported for Phaeoacremonium viticola and Phaeoacremonium angustius (46) .
The purpose of our study was to determine if species in the Hymenochaetales have a reservoir of ligninolytic class II peroxidases that is comparable to enzymes characterized in the Polyporales or Agaricales. To achieve this we obtained additional partial peroxidase sequences for F. mediterranea and new sequences for other members of the Hymenochaetales. A further goal was to obtain the full-length sequences for F. mediterranea class II peroxidase genes and characterize them in a comparative way with the sequences from other lignindegrading taxa. Finally, we monitored mRNA transcript abundance for mnp genes from F. mediterranea grown in liquid culture supplemented with different manganese concentrations.
MATERIALS AND METHODS
Strain and culture conditions. A single spore isolate from F. mediterranea strain MF 3/22 was maintained on malt extract (ME) medium (2% malt extract, 2% agar, 0.05% yeast extract) in petri dishes and regularly subcultivated. Prior to DNA extractions, ca. 0.5-cm by 0.5-cm mycelium plaques from the mycelial growth zone on the surfaces of the agar plates were removed aseptically and transferred into 500-ml Erlenmeyer flasks containing 100 ml liquid ME medium (2% malt extract, 0.05% yeast extract). For RNA extractions, cultures were treated similarly but inocula were transferred into six-well Falcon plates (Becton Dickinson Labware, Franklin Lakes, NJ) containing 7.5 ml liquid ME medium per well. Cultures were grown without agitation under ambient conditions. When the cultures in the well plates covered approximately 80% of the surface area, the full nutrient medium was removed and the cultures were washed by being rinsed three times with distilled water, and after removal of excess liquid, 5 ml of the assigned experimental minimum salts medium was added to the cultures. Basal minimum salts medium contained the following per liter of distilled water: 0.2 g KH 2 PO 4 , 0.05 g MgSO 4 ⅐ 7 H 2 O, 0.01 g CaCl 2 , 10 g glucose (56 mM) as a carbon source; 2.9 g ammonium tartrate (1.2 mM N) as a nitrogen source; 2.92 g sodium-2,2-dimethylsuccinate buffer (20 mM), pH 4.5; 1 ml mineral solution; and 1 ml vitamin solution (ICN Pharmaceuticals) (30) . Mineral solutions were essentially the same as those described in reference 30 but were prepared separately for each experimental condition (zero/low/high Mn levels), differing only in the amount of MnSO 4 ⅐ H 2 O added. The final Mn concentration in the growth medium was 60 M for the high-Mn concentration treatment, 6 M for the low-Mn concentration treatment, and 0 M for manganese-free treatment.
DNA and RNA extractions. Genomic DNA from F. mediterranea cultures was extracted from 3 to 5 g fresh material after vacuum filtration using a maxi-prep protocol (http://www.clarku.edu/faculty/dhibbett/protocols.html) and purified with the Geneclean II kit (Bio 101, La Jolla, CA), quantified spectrophotometrically, and stored at Ϫ20°C. On days 1, 3, 5, and 7 after medium exchange, RNA was extracted from 90 mg fresh material after vacuum filtration using the Qiagen RNeasy mini kit (Valencia, CA) and mechanical disruption using a Mini-Beadbeater-8 (BioSpec Products, Bartlesville, OK). Mycelia were homogenized by twice disrupting the cells for 4 min each and interrupted by cooling the material on ice for a few minutes. Purified RNA was stored at Ϫ80°C.
Standard PCR and sequencing analyses. Newly generated partial sequences for this study were obtained as previously described using primer combinations aVP-1F/bLP-7R and hymMP-f/hymMP-r (41). We focused on members of the Hymenochaetales but included also members of the Polyporales. Thermal cycle parameters were as follows: a 2-min initial denaturation at 95°C, 30 cycles of 30-s denaturation at 94°C, 30 s of annealing at 55°C, a 1-min extension at 72°C, and a 10-min final extension at 72°C. Purification and molecular cloning of amplification products was done as described in a previous study (41) . Sequencing was carried out on an ABI Prism 3130 genetic analyzer (Applied Biosystems, Foster City, CA).
IPCR analysis. Genomic DNA was digested with the restriction enzymes MseI, NspI, ApoI, and HindIII (New England Biolabs). Restriction digests were carried out with 2.0 to 3.0 g total genomic DNA for 3 h at optimum temperatures (37°C for MseI, NspI, and HindIII and 50°C for ApoI) in 50-l reaction volumes and 20 U of restriction enzyme per reaction mixture. After purification (Qiagen), digested DNA was diluted 5-fold and ligated in a 50-l reaction volume using 40 U of T4 DNA ligase (New England Biolabs) at 16°C for 16 h. For each sample DNA, three ligation reactions were carried out with increasing amounts of template (5 l, 10 l, 25 l). First-round inverse PCR (IPCR) was carried out using 5-l aliquots from the ligation reaction, 12.5 pM of each inner IPCR primer (Table 1) , 0.2 mM each deoxynucleoside triphosphate (dNTP), 2.5 l 10ϫ reaction buffer, and 1.25 units Taq DNA polymerase in a 25-l reaction volume. First-round PCR conditions were as follows: initial denaturation at 95°C for 2 min, followed by 9 cycles of denaturation at 94°C, annealing in a touchdown approach starting at 60°C and ending at 52°C (Ϫ1°C per cycle) for 40 s, and extension at 72°C for 2 min 15 s, followed by 37 cycles of denaturation at 94°C for 45 s, annealing at 52°C for 1 min 30 s, and extension at 72°C for 2 min 15 s, followed by a final extension at 72°C for 15 min. Amplification products were column cleaned (Qiagen) and subjected to second-round PCR analysis with nested outer inverse PCR primers. A 5-l aliquot from the first-round PCR was used as a template in the second-round PCR in a total reaction volume of 25 l. Second-round amplification parameters consisted of initial denaturation at 94°C for 2 min, followed by 35 cycles at 94°C for 30 s, 53°C for 30 s, and 72°C for 1 min 15 s, followed by a final extension at 72°C for 10 min. Amplification results were visualized with ethidium bromide staining of a 1% agarose gel after gel electrophoresis of an aliquot. Reaction results producing a single band were purified (Qiagen) and cloned using the TOPO TA cloning kit (Invitrogen).
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RT-PCR and real-time PCR analyses.
Transcript levels of the three newly characterized mnp genes in F. mediterranea were measured in comparison to the transcript levels of the housekeeping gene ef-1␣ and are interpreted as relative expression levels. First-strand cDNA was synthesized from 0.1 g total RNA using the QuantiTect reverse transcription (RT) kit (Qiagen) according to the manufacturer's guidelines. Genomic DNA was eliminated from the samples by incubation of samples for 4 min at 42°C with the supplied genomic DNA (gDNA) wipeout buffer prior to reverse transcription. For control purposes, each sample was also reverse transcribed without reverse transcriptase added to the master mix. Second-strand cDNA generation was obtained by using real-time PCR analysis on a Stratagene Mx3000P thermal cycler. Real-time experiments were conducted in triplicate from each biological sample using the Brilliant II SYBR green quantitative PCR (qPCR) master mix (Stratagene) with final primer concentrations of 0.2 M (ef-1␣-specific primers) and 0.3 M (all mnp-specific primers) per reaction. Amplification conditions were as follows: 10 min at 95°C, 40 cycles of 30 s at 95°C, and 1 min at 60°C, followed by a final dissociation cycle with 1 min at 95°C, 30 s at 55°C, and a ramp phase of up to 95°C with a 0.2°C increase per second. The mean normalized expression was calculated using the Q-Gene module (http://www.gene-quantification.de/download.html) by averaging the three threshold cycle (C T ) values of each replicate and subsequent calculation of the mean normalized expression (44) . Accordingly, the standard error was calculated using the differential equation of Gauss for error propagation. The amplified products were run in 1.6% agarose gels for size comparison, purified, cloned as described above, and sequenced to verify specificity of the amplicons obtained from qRT-PCR.
Phylogenetic analyses. The three full-length mnp sequences from F. mediterranea and 22 partial class II peroxidase sequences generated by this study were added to a preexisting data set (41) . We amplified partial sequences for Phylloporia ribis, Inonotus hispidus, Hymenochaete corrugata (Hymenochaetales), Pycnoporus cinnabarinus, Grifola frondosa, and Steccherinum fimbriatum (Polyporales). Previously, no class II sequences were available for any of these white rot taxa. An additional 16 class II peroxidase sequences, mostly from ectomycorrhizal taxa but also including some from the white rot fungus Phellinidium ferrugineofuscum (Hymenochaetales), were obtained from a recent study (4) . BLASTP searches against the NCBI GenBank detected 21 more sequences. After pruning redundant sequences, the final data set contained 177 sequences (77 full length and 100 partial). Multiple sequence alignment was performed with MAFFT using the E-INS-i setting (28, 29) . The signal sequence and one ambiguous region present only in the two outgroup sequences were excluded from the analyses. Bayesian analysis was run for 10 million generations with eight Markov chain Monte Carlo (MCMC) chains in two runs, each with 1 cold and 3 heated chains for 10 million generations, mixed model for amino acid substitutions, and trees sampled every 1,000 generations using MrBayes v3.1.2 (26, 52) . Convergence of likelihood scores was established with Tracer v1.4 (http://beast.bio.ed .ac.uk/Tracer), and the first 3,000 trees from each run were removed as the burn-in before calculating the consensus tree. Maximum likelihood (ML) analyses were performed using RAxML (59) with the rapid hill-climbing algorithm and the WAG substitution model. A tree with the best likelihood scores was obtained from an analysis combining the search for the best ML tree with the rapid bootstrap analysis using 100 bootstrap replicates, and final bootstrap support was estimated from a run with 1,000 bootstrap replicates.
RESULTS
Characterization of three F. mediterranea mnp genes. Using standard and inverse PCR analyses, we obtained the full-length sequences of three putative mnp genes from F. mediterranea. Putative intron-exon boundaries as well as start and stop codons were predicted based on homologous sequences. The leader sequence was identified using SignalP 3.0 (3). Accordingly, gene Fmmnp1 consists of a 1,516-bp open reading frame (ORF) interrupted by seven introns (see Fig. S1a in the supplemental material). The deduced amino acid sequence of the prepropeptide is 371 aa long and includes a 18-aa signal peptide, followed by a 5-aa propeptide leader sequence that ends with a KEX2 motif (Lys-Arg). The mature protein is predicted to contain 348 aa. Fmmnp2 (see Fig. S1b ) has a 1,351-bp-long ORF and is interrupted by four introns. The amino acid sequence of the prepropeptide encoded by Fmmnp2 is 369 aa long, including a 17-aa-long signal peptide and 5 aa with the KEX2 motif preceding the mature peptide. The ORF of Fmmnp3 is 1,345 bp long (see Fig. S1c ). The predicted coding sequence is interrupted by four introns. The prepropep- before the slash. Bayesian posterior probability values above 0.9 are indicated after the slash. Fungal orders are distinguished by colored boxes. ‡, ectomycorrhizal taxa. Sequences generated by this study are in bold. Labeling of clades and clusters takes phylogenetic considerations and structural-functional aspects into account, which are based on the presence of crucial residues in the protein sequence. Accordingly, MnPs are characterized by the presence of the Mn-binding site (three acidic residues) and the absence of an exposed tryptophan. VPs are characterized by the presence of the Mn-binding site and the exposed tryptophan. LiPs are characterized by the presence of the tryptophan and the absence of the Mn-binding site. Some partial sequences do not cover all three Mn-binding residues and/or the exposed tryptophan. MnPs from P. chrysosporium and other Polyporales (Fig. 1 , clade MnP1) two additional cysteine residues, allowing the formation of a fifth disulfide bond. These cysteine residues are 7 aa apart and their positions are well conserved. However, in F. mediterranea only isoform MnP1 cysteines occupy exactly the same positions; in isoforms MnP2 and MnP3, the distance between the cysteine residues is 9 aa. The stop codon in the F. mediterranea MnPs (FmMnPs) follows only three and four residues after the last cysteine, whereas other MnPs in clade MnP1 have between 9 to 21 residues before the stop codon, giving the mature protein a considerably longer C-terminal tail.
Residues important for peroxidase function, which are conserved throughout the peroxidase superfamily, are present in the three F. mediterranea MnPs, and include the distal and proximal histidine and other residues involved in heme pocket formation. Mn-binding residues and putative N glycosylation sites (consensus sequence N-X-T/S) have been identified and are indicated (see Fig. S1a to c in the supplemental material). The calculated isoelectric points and molecular masses for the holoenzymes are as follows: pI 4.71, 39.3 kDa for FmMnP1; pI 4.25, 38.7 kDa for FmMnP2; and pI 4.52, 39.1 kDa for FmMnP3. Fomitiporia mediterranea MnPs lack the exposed tryptophan residue characteristic for LiPs and VPs; however, this position is uniquely occupied by a histidine residue in FmMnP2 and FmMnP3 and in other partial sequences from hymenochaetalean taxa. Predicted introns ranged in size from 51 to 63 nucleotides (mean, 58), and all followed the canonical GT-AG splice rule. In contrast to the P. chrysosporium mnp genes that have a remarkably conserved exon-intron pattern, none of the F. mediterranea introns is present in all three mnp genes. A comparison with other mnp genes and basal peroxidases reveals that the intron positions in F. mediterranea are more similar to those in basal peroxidases and Lentinus edodes mnp2 than to those in mnp genes from the Polyporales (Fig. 2) . We found several unique predicted introns in Fmmnp1 that are not shared with any other peroxidase used in the comparison.
Comparison of relative expression levels. Quantitative RT-PCR experiments resulted in a single product for each primer pair evident from dissociation curve analyses as well as from cloning and sequencing of the obtained RT-PCR amplicons, confirming expression of the three putative mnp genes in F. mediterranea. The transcript abundance for each isoform varied, depending mostly on the time after nutrient exchange and to a lesser degree on the manganese concentration in the medium. Manganese availability apparently did not influence the transcript level for any isoform on day 1 (Fig. 3) . Transcript levels for isoforms Fmmnp1 and Fmmnp2 displayed a similar overall pattern, which differed from Fmmnp3 levels. Transcripts of the two former isoforms increased over the time course of the experiment, peaking on day 5 in the high-manganese concentration medium, whereas Fmmnp3 levels decreased, without apparent influence by manganese concentration (Fig. 3) . Isoform mnp2 transcripts were expressed at levels approximately 2-fold higher than mnp1 transcripts under any experimental treatment. On the last day of the experiment (day 7), elevated manganese levels led to decreased expression of isoforms mnp1 and mnp2, and the highest expression was recorded in the manganese-free medium.
Phylogenetic placement of the Hymenochaetales class II peroxidases. The final data set containing 177 sequences from 70 species includes 77 full-length and 100 partial sequences (see Table S1 in the supplemental material). The total length of the aligned sequences was 566 characters; 419 characters were included for phylogenetic analyses. Bayesian analysis and maximum likelihood analysis produced consensus trees with similar topologies, but results did not always agree regarding the placement of some groups lacking solid support from both analyses (results not shown). The tree shown in Fig. 2 depicts the tree with the best likelihood score (Ϫ29 188.97 ln) from the ML analysis.
The phylogenetic analysis places the majority of Hymenochaetales sequences, including the three F. mediterranea MnPs and partial sequences from Hymenochaete, Phylloporia, and Inonotus species generated by this study, at the base of clade MnP1 (Fig. 1) . This clade contains the long-MnP forms, characterized by their additional disulfide bond. The remaining three partial Hymenochaetales sequences are placed in the central part of the tree (MnP3) that not only lacks support values on backbone nodes, but in this part the branching order to the tips also remains completely unresolved. The Hymenochaetales sequences do not cluster together; instead, each sequence seems to be more closely related to sequences from taxa belonging to other orders. At the base of the tree, a small paraphyletic assemblage of basal peroxidases is placed next to the two outgroup sequences. If there is a common characteristic of this group, then it is that they seem to be monotypic; i.e., basal peroxidases do not appear in multiple isoforms. A second, albeit much larger, paraphyletic group labeled with a question mark (Fig. 1) contains sequences from white rot fungi from the Polyporales and mostly ectomycorrhizal fungi from the Agaricales and Russulales (64) . The correct placement of these groups remains unresolved because the inner nodes in this part of the tree did not receive strong support values. Monophyly of all ectomycorrhizal sequences is not supported, but they are supported as members of a clade (Fig. 1, clade A) encompassing all ligninolytic peroxidases (MnP/LiP/VP). The function of the sequences in ectomycorrhizal taxa is unknown, and only limited functional data are available for the sequences from white rot taxa situated between the basal peroxidases and the core group (Fig. 1, clade A) .
A large clade of MnPs (MnP1), in a sister relationship to the ectomycorrhizal sequences, receives solid support (96/1.0, bootstrap support [BS]/posterior probability [PP]) and harbors mostly sequences from the Polyporales and, branching off early, a clade (94/1.0, BS/PP) containing exclusively Hymenochaetales sequences. The central part of the tree is characterized by alternating clusters of sequences that can be attributed to MnPs and VPs. The support for these clusters is mixed. In the Agaricales, MnPs and VPs belonging to Pleurotus species are clearly separated, but an MnP from Agaricus bisporus seems to be more closely related to the VPs than to the MnPs of species of Pleurotus. The monophyly of the Pleurotus and Agaricus clade, as well as the functional separation (MnP2 and VP1), is supported only by the Bayesian analysis. A cluster containing the partial sequences from Grifola frondosa is tentatively assigned to VPs (VP2). The only full-length sequence containing all aa residues characteristic for VPs belongs to Spongipellis sp., but the position receives no support from both analyses. However, the Grifola sequences also contain the residues (tryptophan, leucine) for LiP-type substrate interaction along with the third Mn-binding residue (aspartate), which is usually missing in peroxidases without a manganese-oxidizing capacity. Support values are better for the last MnP cluster (MnP4), which contains two sets of sequences from two different Pycnoporus cinnabarinus strains. This finding is the first evidence for mnp genes in P. cinnabarinus. No differences in aa composition between the two strains are observed. Clusters MnP4 and VP2 harbor only sequences from the Polyporales. Two sequences from Bjerkandera species constitute the third and smallest VP cluster. Due to the lack of statistical support, it remains unresolved if this is indeed a third origin of VPs, but these sequences do consistently group with LiPs in phylogenetic analyses. The last major clade receives strong support from both analyses (99/1.0, BS/PP) and contains LiPs from Polyporales, including sequences from P. cinnabarinus presented here for the first time. These sequences lack the Mn-binding residues, with the exception of Trametes versicolor LP7.
DISCUSSION
The three F. mediterranea peroxidase sequences described here are the first characterized full-length sequences for this gene family from the Hymenochaetales. However, since our gene and protein characterization is based on similarities to homologous MnPs and not yet confirmed by cDNA sequences, we present these currently as predicted features only.
Despite the long evolutionary distance between the Hymenochaetales and both the Polyporales and Agaricales, which host the majority of characterized ligninolytic peroxidases, the deduced Fomitiporia protein sequences maintain a set of key characteristics that are highly conserved among fungal peroxidases. Regarding the presence of residues involved in heme pocket formation, Ca 2ϩ binding, disulfide bond formation and length and predicted mass of the mature proteins, predicted isoelectric points, and substrate binding residues, the characterized Fomitiporia sequences adhere to the norm (2) . The presence of the manganese-binding residues and the lack of the exposed tryptophan characterize the enzymes best as MnPs. Notably, there are differences compared to well-characterized MnPs. The position of the exposed tryptophan residue characterizing LiPs and VPs is usually occupied by either an alanine or serine residue in MnPs, but in the Fomitiporia MnPs this position is occupied by an asparagine (FmMnP1) or a histidine (FmMnP2 and FmMnP3). The only other class II peroxidase with a histidine in this position is from Trametes cervina (BAE46585 tclip), an enzyme that has been characterized to perform LiP-like reactions (39) . This performance has been attributed to a unique surface-exposed tyrosine residue and received support from homology modeling (38, 55) . However, it has also been suggested that the imidazol side group of histidine could serve as a radical stabilizing group in a manner analogous to the indol group of tryptophan (32) . This would suggest a new type of VP in the Hymenochaetales, an idea that is further supported by the conservation of this residue in partial sequences of other hymenochaetalean taxa (Phylloporia ribis, Hymenochaete corrugata, Phellinidium ferrugineofuscum) that form a clade with FmMnP2 and FmMnP3. However, sitedirected mutagenesis that replaced the catalytic tryptophan with a histidine in a Pleurotus eryngii VP did not support an equivalent role for histidine in this position (56) . Mechanistic studies to characterize the biochemical properties of Fomitiporia peroxidases are urgently needed.
MnPs can be distinguished as long or "classical" MnPs and short MnPs (24, 41) . The former contain 10 cysteine residues involved in forming five disulfide bonds, whereas the latter form only four disulfide bonds. Isoforms FmMnP1 and FmMnP2 contain 10 cysteine residues and are predicted to form five disulfide bonds. FmMnP3 is unique among all known full-length class II peroxidases in having two additional cysteine residues that could be involved in forming a sixth disulfide bond. The reduced intron number is a further characteristic that is shared between the Fomitiporia sequences and the long MnPs, but in terms of overall length the Fomitiporia sequences resemble the short MnPs more. The unique intron arrangement in Fmmnp genes could lead to further diversification in this lineage if subjected to alternative or altered splicing. The latter event has been observed in P. chrysosporium lip and mnp genes (61) . However, we have no indication of the presence of additional isoforms due to aberrant transcriptional events in these genes.
We examined the expression of three mnp genes in Fomitiporia mediterranea as a function of mRNA transcript abundance. Transcript abundance can vary as a result of transcriptional activity or differences in mRNA transcript stability among the investigated genes. The expression of mnp genes in various basidiomycete species is regulated at the transcriptional level and depends on a sufficient concentration of Mn in the growth medium (7, 27, 49) . Optimal Mn concentrations seem to vary among species, but up to 200 M Mn has been found to favor expression, whereas higher concentrations can have an inhibitory effect (6, 21, 27) . Even under optimal culture conditions, MnP activity tends to peak after 5 to 9 days of idiophasic growth (5, 7). Our expression results are in concordance with these findings for two of the three mnp genes. Isoform Fmmnp1 and Fmmnp2 expression levels reached a maximum at day 5 of growth in high-Mn concentration, nutrient-limited medium. Isoform Fmmnp3 transcript levels did not depend on Mn concentration, indicating a differential expression of the mnp genes in F. mediterranea. A similar observation has been made in P. chrysosporium, where the mnp3 gene is expressed in an Mn-independent way (17) .
The phylogenetic analyses (Fig. 1) are consistent with our previous findings regarding the evolutionary history of the class II peroxidase family (41) . These can be summarized as follows: (i) manganese peroxidases are the most widespread ligninolytic peroxidases, both in terms of taxonomic occurrence and phylogenetic distribution; (ii) VPs have evolved multiple times independently from MnP predecessors; and (iii) LiPs are monophyletic and have evolved just once in the Polyporales from a VP ancestor by losing the manganese-binding site. The addition of more sequences from previously unrepresented taxa adds further insight into the evolutionary history of the gene family. Class II peroxidases of the Hymenochaetales are not monophyletic but belong to two lineages that had separated early in the evolution of the gene family. This split distribution is also observed for sequences from other orders of the Agaricomycotina, e.g., the Polyporales and Agaricales. Presumably, an ancestral form of the Agaricomycotina already harbored multiple peroxidase genes as a result of gene duplication events before the Agaricomycotina split into its major clades.
The rather small assemblage of basal class II peroxidases lacks the residues important for ligninolysis. The only class II sequence in the recently published genome of the brown rot fungus Postia placenta belongs to this basal group supporting the notion that ligninolytic peroxidases do not play a role in brown rot decay (36) .
Whether ectomycorrhizal taxa harbor ligninolytic peroxidase genes has been an intriguing question. Earlier reports could not be substantiated (10) . However, a recent study showed that multiple ECM taxa harbor class II peroxidases closely related to MnPs (4). In our analysis, they cluster with the full-length sequence from Laccaria bicolor, which lacks the ligninolytic residues. Although the sequences show a higher affinity to MnPs than the basal sequences, the sister relationship to clade MnP1 shown in Fig. 1 is not strongly supported. The only ectomycorrhizal sequence that is placed with strong support within one of the ligninolytic groups is the partial sequence from Gomphus clavatus nested in clade MnP1. Our analysis suggests that this species would be a suitable candidate for further studies directed at solving the question regarding the presence of ligninolytic peroxidases in ECM fungi.
Manganese peroxidases are clearly polyphyletic. The majority of the sequences fall into one strongly supported (96/1.0) clade (Fig. 1, MnP1) . The remaining groups containing MnPs (MnP2 to MnP4) are not supported as being monophyletic and are intermixed with VPs. This indicates that switches from an MnP to a VP, presumably due to a single point mutation, are not only possible but may have occurred multiple times. How- ever, no indication of a reversal from a VP to an MnP can be drawn from the phylogenetic analysis. Among white rot fungal taxa, P. cinnabarinus has been considered an exception because it has been reported to secrete only laccases as lignin-degrading enzymes and not peroxidases (13) . Our successful amplification of peroxidase sequences and the phylogenetic analysis suggests that this fungus harbors at least three lip genes and two mnp genes. In light of these findings, there is no evidence that white rot lignin degradation is possible without any of the ligninolytic peroxidases. The sequences from the two strains we used are either identical or differ only in a single aa position. It remains to be resolved why peroxidase activity under ligninolytic conditions for P. cinnabarinus is not readily demonstrable. One possibility is that these genes are differentially regulated and are not secreted under common laboratory conditions. An alternative explanation is that the genes are expressed but not freely secreted in the surrounding medium, instead remaining attached to a sheet surrounding the fungal hyphae. A similar discrepancy between enzymatic activity and putative gene content has been observed for Phanerochaete sordida and Ceriporiopsis subvermispora, which lack LiP activity but seem to have lip genes (50, 57, 58) .
